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We investigate electron momentum distributions from single ionization of Ar by two orthogonally 
polarized laser pulses of different color. The two-color scheme is used to experimentally control the 
interference between electron wave packets released at different times within one laser cycle. This 
intracycle interference pattern is typically hard to resolve in an experiment. With the two-color 
control scheme these features become the dominant contribution to the electron momentum distri¬ 
bution. Furthermore the second color can be used for streaking of the otherwise interfering wave 
packets establishing a which-way marker. Our investigation shows that the visibility of the inter¬ 
ference fringes depends on the degree of the which-way information determined by the controllable 
phase between the two pulses. 


Electron wave packets launched from a sample at dif¬ 
ferent positions [1-3] or at different times [4, 5] give rise 
to interference effects in the final electron momentum 
distribution whenever the wave packets cannot be distin¬ 
guished by a measurement. Any which-way information 
will destroy the interference. There are at least two ways 
to record such which-way information. One is to store 
it in another particle by entanglement of the electron 
with that particle [2, 6] or the environment [7-9]. The 
second is by marking the which-way information in the 
electron itself, either in a spin degree of freedom [10] or in 
a motional degree of freedom like one of the momentum 
components. 

A versatile scenario to create electron wave packets for 
which several prominent interference effects have been 
identified in recent years is strong-held ionization in an 
ultrashort laser pulse. There the wave packets are re¬ 
leased by strong-held tunnel ionization during the laser 
pulse and are subsequently driven by this optical held 
(see Fig. la). The interference fringes are then observed 
in the hnal electron momentum distribution long after 
the laser pulse. In the present work we show how one of 
these strong-held ionization interference patterns can be 
made visible and switched on and oh. We have achieved 
this by using a second, phase locked orthogonal laser held 
of doubled frequency which encodes the which-way infor¬ 
mation in one momentum component. 

The most prominent interference fringes emerging in 
strong-held ionization are the equidistant peaks in the 
electron energy distribution. These above threshold ion¬ 
ization (ATI) peaks are spaced by the photon energy. 
They result from the interference of wave packets born 
periodically in time at subsequent laser cycles. In ex¬ 
periments at higher laser intensities these structures are 
washed out by the averaging over the diherent intensities 
in the focus since the energy ohset of this comb depends 
on the laser intensity. Much less striking and only discov¬ 


ered in 2005 [4] are additional fringes resulting from the 
interference between wave packets born within one cy¬ 
cle at times where the vector potential is the same, but 
the direction of the electric field is opposite (trajectories 
ID and D in Fig. la). We refer to this channel in the 
following as intracycle interference. These interferences 
have been seen first in an experiment using three-cycle 
(6 fs, 760 nm) laser pulses [4]. In a later experiment two- 
color pulses have been used to characterize the phase 
difference between the two wave packets after tunneling 
[11]. Most of the works discussing the intracycle inter¬ 
ferences are theoretical [12-14]. The main reason is that 
in experiments with linearly polarized multi-cycle pulses 
these interference structures are buried in a wealth of 
other, more prominent structures. They show up only 
as a height modulation of the ATI peaks [11, 15]. ATI 
and intracycle interferences would occur even without the 
influence of the ionic potential. The unavoidable pres¬ 
ence of this potential gives rise to further structures in 
the momentum distribution of electrons upon strong-held 
ionization, which also obscure the intracycle interference 
fringes. The key physical effect behind these additional 
structures is that electron trajectories (labeled with ID in 
Fig. la) which escape in one direction, are turned around 
by the oscillating laser held and they are dehected by 
passing the ionic core. This dehection gives rise to what 
has been named ’’Coulomb focusing” [16] leading to a 
narrowing of the momentum distribution perpendicular 
to the held direction [17]. They also lead to spider-leg 
shaped structures [18-20] (labeled with S in Fig. 2a). 

In the present work we show that orthogonally polar¬ 
ized two-color pulses (OTC) [21-23] can be used to turn 
the typically faint intracycle interference fringes into a 
dominating structure in the electron momentum distri¬ 
bution and at the same time can be used as a control¬ 
lable which-way marker allowing to ehace the interfer¬ 
ences. The OTC pulses are shown in Fig. la. We use 
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FIG. 1. (a) The vector potential of the second harmonic field 
relative to the ionizing 780 nm electric field and the elec¬ 
tron trajectories ID (indirect) and D (direct) at two different 
phases between the colors (see eq. 1). Though the fields 
are perpendicularly polarized in the experiment, here they 
are drawn in parallel for a more intuitive understanding of 
the streaking dynamics. For 0 = —7r/2 both trajectories are 
streaked in the same direction allowing them to interfere in 
momentum space. For the phase 0 = 0 trajectories A and B 
are streaked to opposite directions which extinguishes the in¬ 
terference. (b) is a sketched spatial analogue where a double 
slit (depicted with two holes in a disk) transforms an incom¬ 
ing plane wave into two coherent spherical waves (for the sake 
of simplicity shown with curved lines). These waves are then 
steered into the same direction by two plane deflectors (ca¬ 
pacitors) of equal polarity resulting in an interference pattern. 
This corresponds to the phase 0 = —7r/2. (c) is the case for 
0 = 0 where the two waves are deflected in opposite directions 
showing no interference. 

a strong 780 nm pulse (1.4 • lO^^W/cm^) and a weak 
(1.3 • lO^^W/cm^) 390 nm pulse. The conditions are cho¬ 
sen such that the tunneling is mainly caused by the 780 
nm pulse while the orthogonal 390 nm field mildly streaks 
the electron wave packet. By changing the phase between 
the two colors we can adjust the vector potential of the 
390 nm laser field which causes the streaking such that 
it is the same for trajectories ID and D (Fig. la, left). 
In this case ID and D are indistinguishable, there is no 
which-way information and we expect the intracycle in¬ 
terference to occur. Alternatively, the phase between the 
390 and 780 nm laser pulses can be chosen such that the 
vector potential of the 390 nm laser field is opposite at 
points ID and D (Fig. la, right). In this case the 390 
nm laser field marks the slits in time and makes the wave 


packets distinguishable switching off the interference. 

A spatial analogue of this scenario is shown in Figs, lb 
and Ic. An electron wave traverses a double slit where 
behind each slit a pair of deflector plates is mounted. 
The deflection is orthogonal to the interference fringes. 
If the deflectors behind both slits are biased with the 
same polarity they both deflect the electron wave packet 
to the same direction and an interference pattern occurs. 
If however, the polarity is opposite, one deflects upward, 
one downward. The which-slit information is then im¬ 
printed in the momentum component orthogonal to the 
interference fringes and no double slit interference occurs. 

In the experiment the OTC field 

E = Ez ,780 cos{ujt)ez + Ey^sQo cos(2cjt + c^)ey (1) 

is used, where 0 is the tunable phase between the two col¬ 
ors. The three-dimensional electron momenta were mea¬ 
sured in coincidence with argon ions using COLTRIMS 
[24, 25]. Further experimental details are given in [26]. 

The momentum distribution of electrons originating 
from single ionization of Argon by a single-color 780 nm 
pulse with an intensity of 1.4-lO^^W/cm^ is shown in Fig. 
2a. The distribution exhibits the features which are well 
known from the literature [17, 18, 27]. Namely, it shows a 
cutoff at a momentum of approx, which 

is the maximum momentum Pz an electron can acquire in 
the 780 nm field at this intensity without rescattering at 
the nucleus. A decrease of intensity at this momentum 
is visible in Fig. 2a (note the logarithmic color scale). 
Electrons at larger momenta than / originate from 
backscattering at the nucleus and form what is known 
as the “plateau” in the energy spectrum [28]. The ATI 
peaks are visible as rings. In the regime of energies below 
2Up (momenta below dominating emission 

is along the polarization axis with small transverse mo¬ 
menta. This feature is caused by the Coulomb focusing 
of electrons which pass the nucleus (e.g. trajectory ID in 
Fig. la). Also the spider-leg shape holographic interfer¬ 
ence features can be seen (feature marked with S) [18-20]. 
The intracycle interferences, however, are not visible in 
this figure without a detailed analysis. They are buried 
below the other, much more prominent structures. 

By adding a weak 390 nm streaking field orthogonal to 
the 780 nm field with a phase shift of 0 = —7r/2, a strong 
finger-like structure appears in the lower half of the graph 
(Fig. 2b) in which the field driven momentum is repre¬ 
sented by the dashed line. For these experimental param¬ 
eters we performed a quantum-trajectory Monte Carlo 
(QTMC) simulation shown in panel (c). This simula¬ 
tion describes the strong-held ionization semiclassically 
by combining Ammosov-Delone-Krainov (ADK) theory 
and Feynman’s path integral approach (see [29] for de¬ 
tails). In ADK-theory the ionization rate, the tunnel exit 
and the momentum distribution are prescribed [30] . Dur¬ 
ing the laser pulse electron trajectories are launched with 
a probability and a transverse momentum distribution 
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FIG. 2. Electron momentum distribution from strong-field 
single ionization of Argon. The data are integrated over an an¬ 
gular range'd = 90 ± 15° where -d = acos(pcc/ 
is the angle between the electron momentum vector and the 
normal to the {pz,Py) plane, (a) Experiment with 780 nm 
(1.4 • lO^^W/cm^, 40 fs) pulse only. The laser polarization di¬ 
rection is shown by an arrow, (b) 780 nm/390 nm orthogonal 
two-color pulse with an intensity ratio hoo/hso = 0.09 and 
a phase difference cj) = — 7r/2. The polarizations of the 780 
nm and 390 nm lights are shown by red and blue arrows, re¬ 
spectively. The field driven momentum p = —A(to) is shown 
by the dashed line. The finger-like structure results from the 
intracycle interference, (c) QMTC calculation for same laser 
parameters as in (b). 


given by ADK-theory. These electrons are propagated 
classically in the laser field and the Coulomb field of the 
ionic core and the action integral along the trajectory 
is calculated for each electron. Using this phase infor¬ 
mation the contributions from different trajectories can 
be added coherently. Experiment and theory both show 
the finger-like lines which, in contrast to the spider-leg 
structure, do not end at (pz^Py) = (O^O)- The second 


harmonic streaking field reveals these interference struc¬ 
tures which are otherwise hidden behind the dominating 
Coulomb focused trajectories. The QTMC calculation 
does not reproduce the events along py = 0 visible in the 
experiment. This might be due to the fact that in the 
experiment the spatial and temporal overlap of the 780 
nm and 390 nm pulse is never as perfect as assumed in 
the calculation (i.e. due to imperfect beam profiles). The 
intensity in the calculation is averaged over the focal vol¬ 
ume. This realistic focal averaging is essential for visual 
comparison with the experiment to reduce the otherwise 
dominating contribution of the ATI peaks. 
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EIG. 3. In (a) the time windows are shown where the elec¬ 
tron trajectories ID (blue) and D (red) are born in the electric 
780 nm field, (b)-(d) represent the QTMG-calculated momen¬ 
tum spectra for these trajectories at a streaking field phase 
of 0 = —7r/2. In (b) only the electrons tunneling during the 
blue marked quarter cycle are plotted. These indirect trajec¬ 
tories are driven back to the core by the laser field but only 
weakly interact with it because of streaking. The direct non¬ 
returning trajectories originate from the red marked quarter 
cycle and are shown in (c). Adding up the trajectories from 
both quarter cycles coherently (d) leads to the same intracycle 
interference pattern as in the experiment. 


With the help of the QTMC calculation we show that 
the new finger-like structures are indeed intracycle inter¬ 
ference fringes (Fig. 3). We separate the trajectories in 
those starting in the quarter cycles marked in blue and 
red. The blue part of the trajectories are driven back by 
the 780 nm field and pass nearby the ion. The deflection 
of these trajectories leads to a partial focusing as visible 
in panel b. The trajectories from the red quarter cycle 
escape directly without recollision. They lead to a final 
momentum which is defined by the vector potential at 
the instant of ionization and is broadened by the initial 
transverse momentum distribution after tunneling. Sep- 
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arately, none of the two distributions from the quarter 
cycles show any finger-like structure. Adding the trajec¬ 
tories from both coherently, i.e. allowing for interference 
between wave packets from both quarter cycles (Fig. 3d), 
yields the finger-like structure which is visible in the ex¬ 
periment. 



cos(a) 


FIG. 4. Dependence of the intracycle interferences on the 
phase 0 between the fields of the two colors (see eq. 1). (a) 
cos(o) = Vzivtotai with = y/Px is plotted 

against the phase cj). To improve the interference contrast 
there is an additional restriction in momentum 0.32 an < 
Ptotai < 0.4 an and Py < 0 which gives a half spherical shell 
in momentum space (shown in (c) in grey) and again as in 
Fig. 2 the data is integrated over an angular range P = 90 ± 
15°. Three projections along the cos(o)-axis for the phases 
—7r/2 (black), 0 (red) and tv/2 (green) are shown in (b). The 
grey dashed curve is from our QTMC calculation at —7r/2 
and agrees very well with the experiment. In (c) the OTC 
field’s negative vector potentials corresponding to the field 
driven final momenta are shown. The blue and red curves 
correspond respectively to the quarter cycle time windows 
where trajectories ID and D originate (see Fig. 3). 

The two-color calculations and experimental data dis¬ 
cussed so far where for a phase of 0 = —7r/2 between the 
390 nm and 780 nm field where the intracycle interference 
fringes were best visible. In Fig. 4 we investigate how the 
visibility of the intracycle fringes changes with the rela¬ 
tive phase between the two colors. This phase is plotted 
on the vertical axis of Fig. 4a. To examine the inter¬ 
ference we plot the events located along a half spherical 
shell in momentum space which cuts through the fingers. 
It is indicated in Fig. 4c by the gray shaded area. The 
fringe visibility changes strongly with the relative phase 
<p. For (p = —7r/2 the black line in Fig. 4b shows the 
interference nicely, the gray histogram shows our QTMC 
calculation in excellent agreement with the experiment. 
(j) = —7 t/2 corresponds to the case where the 390 nm field 
steers the two trajectories ID and D to the same direc¬ 


tion which leads to the intracycle interference. This can 
also be seen in Fig. 4c where the sum of the 390 nm and 
780 nm light vector potential is shown. The blue curve 
indicates the first (ID), the red dashed curve the sec¬ 
ond quarter cycle (D). This corresponds to the situation 
where the deflectors behind the slits in Fig. lb are biased 
with the same polarity. There is no which-way informa¬ 
tion imprinted by the 390 nm field and the wave packets 
show the maximum interference contrast. The contrast 
is not 100 % because the wave packet ID from the blue 
quarter cycle in Fig. 3b experiences some Coulomb focus¬ 
ing which drags some flux out of the grey circular region 
while the wave packet D from the red quarter cycle does 
not experience that loss. So the contributions from the 
two quarter cycles are different in amplitude and cannot 
lead to a complete destructive interference. The oppo¬ 
site scenario is given for 0 = 0 shown by the red curve 
in Fig. 4b. Here the total flux is about a half of that at 
(j) = —7r/2 but the interference has almost completely dis¬ 
appeared. In this case the vector potential of the 390 nm 
light has opposite signs for the two quarter cycles. This 
marks the slit, analogous to putting opposite polarity on 
the two deflectors in Fig. Ic. The corresponding sum of 
both vector potentials shown in Fig. 4c illustrates this. 
The contributions from the blue and the dashed red part 
of the laser cycle do not overlap and hence all quarter 
cycles have become distinguishable. As a consequence 
this switches off the intracycle interference. Finally for 
(j) = TT12 most of the flux in the lower half plane is gone. 
In this case the interference is in the upper half plane 
which is not visible in our graph. 

In conclusion, controlling the laser field in two spatial 
dimensions with different frequencies gives full control 
over continuum electron wave packets from strong-field 
ionization. Previous works using this handle to modify 
higher harmonic generation [31] and non-sequential dou¬ 
ble ionization [22] relied on the modification of the flux. 
In the present work we have shown that such control 
becomes even more valuable if one considers the phase 
of the wave packets. Since many of the observables of 
strong-field effects are caused by interference between dif¬ 
ferent electron wave packets this method is very powerful, 
as we have proven by switching one of the interference ef¬ 
fects on and off. A future application might involve using 
the interferogram for an easier extraction of the phase 
between the tunneling wave packets [11] for molecular 
orbital imaging. We have also shown that such control 
over interferences can be achieved by using an additional 
streaking field as a which-way marker. A similar scheme 
can be used for any of the structures in the electron emis¬ 
sion in strong fields. One can envision that such switch- 
able interferences can also be used for other important 
effects caused by the electron wave packets such as e.g. 
selective bond breakage in molecules [27]. For instance, 
by changing the phase between the OTC pulses one can 
select the energy of the recolliding electrons. In turn. 
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this might be used for a selective population of doubly 
charged repulsive states upon recollision, favoring partic¬ 
ular fragmentation channels. 
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